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Chapter  11 


COMPARISON  OF  PLASMA  BILIRUBIN 
TURNOVER  IN  MAN  WITH  CARBON 
MONOXIDE  PRODUCTION  ESTIMATED 
SIMULTANEOUSLY  BY  BLOOD  AND 
GAS  MEASUREMENTS  ' 


F.  Fee  Rodkea  and  1*ai  i 1).  Berk  - 

Quanliiativc  nifasuieiiKMii  ot  i-ii-  in  ilu-  Bile  without  passing  thiongli 
(iogenons  carlxtii  monoxide  (CX))  the  plasma.  Measurements  f)l  BR  1 
production  in  man  was  first  satisfac-  would  thus  f>e  expected  to  uncleresti- 
lorih  clone  hy  Cofiurn  et  al.  ( 19h3).  It  mate  slightiv  total  hiliiid)in  prodnc- 
has  now  Ix'en  estahlished  that  the  nt  tion. 

VIVO  hre.tkclown  of  heme  tesults  in  1’rocc‘dures  foi  measurement  of  (X) 
ecpiimolai  production  of  (iO  and  ptoduc tion  involve  placing  the  sul)jec  t 
I hiliiiihin  (I.anclaw  et  al..  1970).  .Simi-  in  a closed  lehreathing  system  to  pre- 

' lar  conversion  of  heme  to  (iO  and  vent  C()  exc  retion.  I he  rate  of 

hiliiuhin  was  clemonstiated  in  tissue  change  of  CO  in  the  total  system  is 
preparations  containing  liver  micro-  estimated  from  ohseived  changes  in 
somes i7/oM  Fenhunen  et  al.,  19(')h).  hlood  c arlxtxv  liemoglohin  saturation 
Procedures  were  devised  to  estimate  (C.OHh)  (Cohum  et  al..  19(>!C  Berk  et 
the  daily  plasma  Itiliruhin  turnovei  al.,  1971;  Bensingei  et  al.,  1971: 
(BRF)  in  man  (Beik  et  al.,  1909).  l.vnch  and  .Moecle,  1972)  or  from 
Simultaneous  estimations  of  plasma  changes  of  CO  concentration  in  the 
BR  I and  C;0  production  in  man  have  gas  pliase  (i.ogue  el  al.,  1971). 
shown  a high  degree  of  correlation  FheoreticalK  lx»th  hlood  and  gas- 
(r  = 0.99);  however,  the  CO  production  phase  an.ilvses  should  lead  to  similar 
averaged  11}  percent  of  BR  I for  CO-production  lates  if  suflicientlv  ac- 
I noiinal  subjects  and  for  subjects  with  curate  data  are  obtained.  1 his  paper 

increased  heme  tuniovei  due  to  de-  presents  data  lot  CO  production  ol)- 
c teased  red  cell  survival  (Berk  et  al.,  taineci  by  simultaneous  measuiement 
1974).  Ibis  difference  is  partially  at-  of  hlood  and  gas-phase  changes, 
irihuted  to  ilie  possiltility  that  a small  Fhese  data  are  compared  with  BR'I 
, pai  t ot  fieme  breakdow  n in  the  liver  measurements  pet  formed  al  llie  same 

may  lead  to  cliiect  hiliiuhin  excretion  lime. 

1 

I 

' Sii|)|Miiicil  In  ilic  ICin(-,iii  ol  Mcilti  me  .iikI  Siiinrn.  N.i\\  I><-|>.iiiim'iii.  Ki-mmiiIi  I .isk  MKIUI  OHM  (MO.'UWKt 
’ 0|iiMM>Ms  Ol  ,isvilioii>  (oiii,iiiic(l  lini'in  .nr  lliosr  oi  ihr  .iiiiIiom  .iiuI  .nr  mil  io  Im-  (onsliuril  a\  olliii.il  <>i 
- irllrilniK  llir  \irw\ol  ilir  Njm  l)r|>.ii liiiriil  oi  ilir  ii.ii.il  M-mir  .n  l.ii({r 
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Patients  Studied 

Smuill.iiu-oiis  inc'.iMiirmenls  oi 
BK  I .md  ot  (X)  pKxliulioii  iroin 
Mood  .md  d.ita  were  pcr- 

ioimrd  ill  12  iiidi\ idii.ds;  iioniial 
\olmiU‘fis,  (i  p.itieiits  with  ( oiijrenilal 
NplifKKNiosis.  1 p.itieni  wit h sit kle  ccdl 
disf.isf,  1 p.iticiit  with  paroxvsnial 
iiottm  ii.il  hetno^lohiiuiria,  <ind  I pa- 
tient witli  \ im  I ( Idol  ide  exposure  and 
snhseipieni  hepatic  hlitosis.  BK  I and 
hlood-ph.ise  (iO  ine.isnieinents.  with- 
out ^.is  phase  data,  were  peilorined 
III  .III  .iddition.d  'M  individuals,  as 
pre\ioiisl\  reported  (Berk  et  al., 
IdT  l).  I idol  tiled  (onseni  was  oh- 
l.iined  Ironi  eai  h indi\idual. 

Plasma  Bilirubin  Turnover 

D.nh  BK  I u.is  (aknl.ited  from  the 
pl.isin.i  dis.ippe.iraiue  t nrve  ol  radio- 


laheled  iineoniii^ated  hiliruhin  (Berk 
el  .d.,  l‘M>y).  All  studies  were  earried 
out  lor  .‘iO  hours  and  lesnlls  ex- 
piessed  as  pinioles/kj;>  hodv  weight  per 
d.iv. 

Carbon  Monoxide  Production 

The  rale  of  CO  prodnetion  was 
nieasnred  in  the  closed  rehreathitig 
(irenil  shown  in  Figure  II-I.  This 
proeediire  is  essentially  that  cd 
Colnirn  (Cohnrn  el  al.,  l9(i.S)  refined 
to  provide  an  aeeurately  controlled 
B,i„  in  the  dosed  system.  Variation  of 
1*0.,  within  the  ehamher  of  less  than 
± 2 nmi  Hg  was  adiieved.  Carbon 
dioxide  of  the  inspired  air  in  the 
dosed  system  did  not  exceed  0.10 
percent.  A connection  al  the  exit  of 
the  spirometer  was  used  to  remove 
samples  of  the  gas  phase  for  analysis 


11-1  Schoni.iiit  ciiaKrain  ol  closed  respiration  system  lor  measurement 
ol  cailion  monoxide  prcKiuclion.  The  conlined  gas,  alM>ul  20  liters,  was  drawn 
liom  ilu-  IkmkI  1)\  the  pump,  p.issed  o\ei  die  cailxin  dioxide  .iIisoiIk'I  and 
owgen  sensoi  Udoie  enteimg  die  vaiialile  volume  spirometer,  I lit  told  nap, 
p.it  keel  III  ite,  seised  lo  tiKil  die  gas  and  remose  walei . (ias  samples  lor  analyses 
weie  iliawn  liom  ,i  |M>tt  on  die  spiiomeiei. 


Uodkfy  uud  Herk 
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as  vtHjuivcd  and  to  add  known 
.iinoimts  of  CO  foi  tlu*  dilution  nicas- 
menu'ni.  I hc  nntiii'  volmnc  of  the 
dosed  svstetn  was  measnied  (without 
the  suhjeet  in  the  hoo(f)  and  was  17.3 
liteis  (actual  volume)  in  addition  to 
the  (alihraled  \aiiahle  volume  of  tfie 
spirometer.  For  purposes  of  (al(  ida- 
tion,  the  tot.»l  jj;as  v(>lume  w.is  taken  to 
he  this  measured  volume  j)lus  the  vol- 
ume contained  in  the  spirometei  Ik'U. 
.A  I PS.''  and  corrected  to  STPI).  ' The 
roltune  of  j{as  displaced  h\  the  suh- 
ject's  head  was  .issumed  to  he  etpiiva- 
lent  to  the  added  lun^  volume. 

Oxyjfen  tension  in  the  closed  svstetn 
was  maiittaiited  near  LAO  mm  Hg 
(FiO,,  = 0.21).'  V alues  of  the  “effec- 
tive alveolar  Po.,"  were  calculated  h\ 
the  method  of  Rilev  el  al.  (1910)  as- 
suming artei  ial  P,  = 90  mm  Hg  and 
res|)iratorv  (piotient  (R.Q.)  = 0.83. 
L’se  of  21  peicent  oxygen  in  the 
closed  system  [Jiovided  estimated 
aiterial  P,,.,  values  from  93  to  100 
mm.  near  the  valtte  ohseived  in  matt 
hreathittg  norntal  air  hy  C.laik  and 
I.amhei  tsen  (1971).  F.ach  tank  of Oxv- 
gen  userl  was  analv/ed  to  detennine 
the  contamination  with  (X).  methane, 
and  nitrogen. 

I he  study  was  Itegun  hy  the  subject 
being  jdaced  in  the  hood  and  the  oxy- 
gen content  adjusted  to  21  percent. 
Initial  samples  of  tlie  gas  phase  and 
blood  were  obtained  ;i0  minutes  alter 
the  oxygen  concentration  was  ad- 
justed. Blood  samples  were  drawn 
from  a peripheral  vein  by  use  of  a 
small  needle  and  a dry  syringe.  Fhe 
blood  was  immediately  placed  in  a 

’ At  PS.  Noluniro  at  diiitiK-nt  ic-nipri.miir  .met  pip>- 
Min-  u.iiri  saiiiidird  S I PI),  nds  viiliiiiirx  ifiliKcd  l«  (P. 
“•>0  Him  dr\ 

* t|(X>  .md  KiO,.  xiiliimr  lidi  iiiin  iil  inspiird  ^as  whit  h 

i.iiImhi  nioiirixKlr  iii  fixv^rn 


small  tube  containing  div  diso- 
dium  etbv  lenediaminetet  ra<u  et  i(  .u  id 
(F.I)’I  ,\).  leaving  the  upper  one 
fouilh  of  the  tube  filled  with  ail.  I he 
lube  was  stoppered  ami  geniK  in- 
verted to  dissolve  the  ,inti( oagidant 
and  lor  mixing  purposes  befoie  the 
an.ilvii(  pKKfdures.  .Additioiul  sam- 
ples of  venous  blood  and  of  ifie  gas 
phase  were  taken  .it  2b-nhnuie  inlei- 
vals  ovet  the  next  2 hours.  I su.illv  six 
samples  weir  used.  Fhe  loi.il-bodv 
(X)-I)inding  lap.uitv  (C()BC)  w.is 
then  determined  hv  20  oi  d0mlol('.() 
(depending  upon  the  sulijeii’s  bodv 
wt)  iK-ing  .iddeil  to  tlie  g.is  ph.ise.  I he 
(!()  was  .idded  fion  ,ni  .Hiui.ilelv 
( alibraltal  doubU‘-stop(  <k  k glass  to- 
nometei  filled  with  (X)  (99.9'V. 

Matheson  Co,.  F.ist  Riitheiioid.  N.J.) 
at  the  known  loom  tetnpei .itvite  .nul 
atniospherii  pressuie.  .A  g.is-iight 
svringe  was  usi-d  to  repe.itediv  flush 
the  air  from  the  t losed  svsiein 
through  the  lonometei  .ind  b.uk  into 
the  svstem.  Venous  blood  s.iinples 
vveie  obtained  13  and  (it)  minutes 
after  addition  of  (X)  when  virtual 
e({tiilibritim  between  the  gas  and  the 
bodv  had  been  reestablished. 

Analytical  Procedures 

All  measurements  were  made  in 
duplicate.  Blood  was  anaivvetl  for 
total  hemoglobin  content  by  the 
cyanmet hemoglobin  pnKediire  (/ijl- 
stra  and  Van  Kampen,  I960;  V’an 
Kampen  and  Zijlstra,  1961).  A reac- 
tion time  of  2 hours  was  irsed  to  in- 
sure complete  conversion  of'COHb  to 
cyan  met  hemoglobin  (Rod  key,  1967). 
Blood  CO  content  was  determined  by 
the  method  of'(X)Ilision  et  al.  (1968)  as 
modified  by  Rodkey  and  Collision 
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(1970).  I’cKrnt  saturation  of  lienio- 
uloltin  with  (aihon  monoxide  ((X)HI)) 
was  takrn  .is  100  x hlood  (X)  (ontcnl 
divided  h\  the  total  luMiio^loltin 
r.OlUi.  i.r..  1..'0.)  X jr  |HMceiit  HI),  l lte 
i^.is  ph.ist'  was  .iiiaK  zed  lot  ('.()  hv  gas 
( lii(>ni.itogi<i|)li\  (Rodkev,  1070)  and 
lot  owgen  .111(1  (at  1)011  dioxide  hv 
st.ind.iid  |)t <K edni es. 

Calculations 

lo  eaknlate  (X)  production  front 
the  l)lood  data,  the  rate  of  COHh 
( hange  was  determined  after  the  ini- 
tial eqnilil)iation  pliase  over  alxint  a 
2-honr  period.  I he  method  of  least 
stjnares  was  u.sed  to  establish  tfie  slope 
(ACX)Hb^)  and  intercept  of  this 
linear  rate.  A known  STPD  volume  of 
(X)  (CX)„)  was  tfien  added  to  the  gas 
ph.ise  to  deteiinine  the  total  (X)BC7 
The  increment  in  COHb  caused  f)y 
CX)|,  was  determined  45  and  60  min- 
utes after  the  injection  of  CO.  Correc- 
tions were  made  for  the  amount  of 
(X)|,  remaining  in  the  gas  phase  and 
for  tfie  endogenous  change  of  COHb 
during  the  reequilibration  period.  CO 
production  in  mi/fir  was  calculated  as 
ACOHb^/100  times  COBC’..  Results 
were  then  converted  to  /iimoles/kg 
l)ody  weight  per  day. 

To  calculate  (X)  production  from 
the  gas  data,  tfie  change  of  total  CO  in 
the  gas  phase  (gas  volume  x frattion 
CO)  was  determined  over  the  2-hoiir 
period.  I he  method  of  least  stpiares 
was  used  to  evaluate  the  slope 
(ACX>Kas)  expressed  in  ml/hr.  Follow- 
ing reequilibration  alter  addition  of 
the  known  amount  of  (X)  (CO|,),  the 
increment  of  total  (X)  in  the  gas  phase 
(A(X)|,)  in  ml  was  calculated,  taking 
into  account  the  amount  added  to  the 


gas  pha.se  f rom  endogenous  C>0  pro- 
duction during  the  reequililiration 
period.  I he  (X)  production  was  then 
calculated  from  the  e(|uation 

(X)  piodiK  lion  iml/lii  ) = I 1 1 

(X)„  x A( 

AC()„ 

Results  were  then  expressed  as 
/Ltmoles/kg  body  weigfit  per  day. 

4'otal  (X)B('.  was  calculated  from 
tbe  gas  data  f)v  use  of  tbe  Haldane 
etjuation  to  obtain  the  change  in 
COHf)  saturation  caused  by  (X),,.  Fhe 
Haldane  ecj  nation  expresses  tfie 
equilibrium  relation 

com,  ^ ^ ^ 

0,111,  l',„ 

wliere  COHb  and  ()2Hf)  are  tbe  frac- 
tional satuiations  of  bemoglobin  witb 
CO  and  O2,  respectively,  and  K is  the 
relative  affinity  constant  of  hemoglo- 
bin for  CO  and  (Rodkey  et  al., 
1969).  Fbe  etpiililirium  values,  P, ,, 
and  P,,^,  ate  essentially  those  of  at  te- 
rial  blood.  In  tfie  closed  lebieathing 
system  alveolar,  inspired,  artei  ial,  and 
etpiilifirium  P,,,  are  identical,  i.e., 
Pj,(X)  = (P„,,r-47)F|(X).'’  Ktjuilibrium 
P(,.^  is  estimated  as  arterial  Pj,02  (Clark 
and  l.ambertsen,  1971;  Rilev  et  al., 
1946;  Rodkey  et  al.,  1974),  i.e.,  Pa02 
= (f*nar~47)Fi().2-55  bieathing  air. 

1 lie  value  of  ()2Hb  may  be  expressed 
as  (l-(;OHf))  when  the  inspired  oxy- 
gen is  21  percent  or  greater.  With 
these  assumptions  and  approxima- 
tions, COffb  was  calculated  from  the 
fTildane  equation  in  the  following 
form; 


* 1‘h.,.  luiiiiiirii k iiirsMiic.  I’.CO  .iii<t  I’.O,,  (uriul 
|>lr^^mr  <il  (.iiImim  miinoxidc  aixi  oxx^eii  iii  the  .iiien.il 


Hotikn  /mil  Hfrk 


l‘J« 


\vluM(“  (C()|,  — A(X)|,)  rcprcscnls  the 
(]()  al)sorlK-(l  In  I ho  subjec  t and 
A(X)HI)  is  (ho  (alculatod  change  in 
(X)HI)  caused  h\  the  i'X)  absorl)ecl. 

^ l(K)  X (C;0„  - ACO,,)  I 

ACOHI) 


com,  = 

IV, O,  + 2‘J()  IV.CO 


l.'h 


The  total  (X)BC’.  was  then  calculated 

.IS 


RESULTS 


Variability  of  CO-Production  Estima- 
tion From  Blood  Data 

X’ariahility  of  the  CX)-pi eduction 
estimation  is  a lesult  of  both  biologic 
variation  and  analytic  uncertainty  in 
measurement  of  the  (]()B(’  and  of  the 
late  of  COHb  change.  Ten  measine- 
ments  of  CO  production  and  of 
COBC  were  tnacle  on  a single  normal 
suf)ject  over  a .S-yeai  perioef.  The 
mean  \alue  for  CiOiBC  was  11.9±  0.10 
(SF.M*’)  ml/kg,  coi  responding  to  a coe- 
fficient of  \ariation  (CA')  <,f  o.5  per- 
cent. I fie  corresponding  mean  value 
for  (;0  piocluction  was  4.9  ± 0.28 
/xmoles/kg  per  day,  C\’  = 18  jiercent, 
ovei  the  same  period.  This  particular 
subject  h.is  a CO  production  lower 
than  most  normal  individuals  with  a 
lange  of  values  from  3.0  to  6.3 
;xmoles/kg  per  clay  over  the  3-year 
period.  In  a group  of  6 male  and  5 
female  normal  volunteers  (Blaschke 
e(  al.,  1974)  CO  produc  tion  was  8.9  ± 
0.6  /xmoles/kg  per  day  with  a range 
from  6.3  to  12.1  /xmoles/kg  per  clay 
cc)rres|)onding  to  a 22  percent  CV. 

I hus  the  day-to-day  measurement  of 
(X)  production  for  a given  normal  in- 
dividual has  a coefficient  of  vat  iation 
similar  to  that  observed  among  a 
group  of  normal  individuals. 


In  view  of  the  very  small  CV  of 
(X)BC  measured  in  a given  subject 
(vide  infra)  and  the  very  small  (IV's  of 
the  chemical  methods  employed,  the 
analytic  uncertainty  of  the  CO- 
procluction  estimation  may  best  be 
expressed  by  the  statistical  error  in 
the  measured  slope  of  CX)Hb  change. 
I'liis  error,  expressed  as  the  coeffi- 
cient of  variation  of  the  calculated 
slope,  has  been  estimated  in  59  de- 
terminations on  32  individuals  to  be 
8.0  ± 0.61  percent.  I he  same  erroi  in 
slope  is  observed  with  male  and 
female  subjects  with  both  normal  and 
markedly  elevated  rates  of  (X)  pro- 
duction. A constant  CT'  foi  wide 
changes  in  slope  is  probably  clue  to 
the  constant  C\”s  for  both  total 
hemoglobin  and  blood  (X)  content  es- 
timation (Van  Kampen  and  Zijlstia, 
1961;  Collison  et  al.,  1968).  The  data 
suggest  that  at  least  half  of  the  ob- 
.served  uncertainty  is  clue  to  biologic- 
variation. 

Equilibration  of  Added  CO 

Subjects  placed  on  the  closed  re- 
breathing system  equilibrate  the  gas 
|)hase  to  the  equilibrium  I*,,,  of  the 
blood  in  le.ss  than  20  minutes.  When 
(X)  is  added  to  the  gas  phase,  how- 
ever, the  reecpiilibration  requires  a 
longer  period.  This  is  illustrated  in 
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1 .»I)U'  1 1-1  wlu’U'  .1  suhjfd  was  plau-d 
(Ml  llu‘  (losfd  svsteiii  and  \ allies  ol 
hlood  C.OHh  ,md  jj;as-])hase  (X)  were 
ineasiiied.  C.leailv.  the  iradion  of  the 
tot.d  (!()  in  the  ^as  phase  approaches 
the  theoretical  value  (I.ol*/?  for  this 
stiicK)  withiti  the  first  20  tninutes  on 
the  closed  svstetn.  The  satne  e(ptilil)- 
rinin  (list rihnticm  is  achieved  aftet 
.idditioti  of  (X)  to  the  gas  pliase  hut  at 
le.ist  13  inituites  are  te(|iiired.  I his 
represents  the*  titne  for  ahsot|)tion 
from  tlie  g.is  and  distril)ittioti  through 
all  (X)  hinding  compartments.  For 
thc'se  reasons  we  have  c hosen  to  allow 
13  minutes  for  ree(]uilihralion  after 
additioti  of  (!()  ,ind  have  used  data 
taken  .it  both  13  and  00  tninutes  of 
1 ee<|uilihr<itioti  for  duplicate  estitnates 
of  (X)BC. 

Comparison  of  CO  Production  Cal* 
culated  From  Blood  and  Gas  Data 

BR 1 and  (]()  production  were 
measured  simultaneously.  Values  of 


CX)  productioti  were  calculated  from 
the  data  obtained  on  the  hlood  and 
f rom  gas-phase  analysis.  Fhe  data  are 
presetited  in  Fable  1 1-2  for  subjects 
with  and  witliout  evidetice  of 
liemolysis. 

ClearK  (X)BC  cat)  he  estitnated 
ecjually  well  from  either  hlood  or  gas 
data.  Fhe  ratio  of  (X)B(;  calculated 
from  the  gas  ciata  to  that  calculated 
from  the  hlood  data  was  0.96H  ± 0.01 
for  these  12  measuiements.  Fhis 
value  is  not  significantly  different 
f rom  1 .00  (P  >0.2)  and  the  93  percent 
conficletue  limits  are  0.90-1.0d. 

1 here  was  generallv  good  agree- 
tnent  l)etween  the  12  paired  meas- 
urements of  (X)  production  in  hlood 
and  gas  phases  (r  = 0.9b,  P « 0.01). 
For  these  studies  both  gas-  atid 
blood-phase  measurements  of  CX) 
production  correlated  highly  with 
BR'F  (r  = 0.97  and  r = 0.96,  respec- 
tivelv).  Fhe  ratio  of  (X)  production: 
BR'F  was  1 . 1 2 ± 0.14  for  the  1 1 ca.ses  iti 
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wliidi  l)olh  hilii  iil)iii  aiul  j;a.s- phase 
d.ila  wfic  available  and  was  1.18  ± 
0.0.")  foi  (he  18  studies  Irom  whidi 
hoth  hilituhii)  and  blood-phase  (X) 
data  were  available.  In  (wo  })alients  in 
(he  pieseni  series,  (he  ratio  ot  CO 
prodiution:BR  1 vvas  greater  than  2 
lot  blood-})hase  tneasmeinents.  1 his 
lesulted  tioin  an  exitenielv  low  and 
biologically  unlikelv  value  ot  HR  I in 
subject  P.R.,  and  an  extreinelv  high 
value  of  (’.()  pioduction  in  subject 
M.H.  We  cannot  explain  eithet  of 
these  alxMiant  values;  however,  both 
are  dearly  inconsistent  with  ancillary 
of>sei\ations.  .Although  foi  the  popu- 


lation studied,  gas-  and  blood-phase 
methods  gave  ecpiivalent  data  lor  (X) 
pioduction,  the  statistical  unceitaintv 
ol  any  single  studv  was  much  higher 
lor  the  gas-phase  data.  1 he  uncer- 
tainties of  the  two  estimates  of  (X) 
pioduction  are  best  expressed  bv  the 
coefficients  of  vat  iation  in  detertnina- 
lion  of  the  rate  of  change  of 
A(X)Hb9r  in  l)loocl  or  of  ACOk.,s 
the  gas  phase.  The  coefficient  of  vati- 
ation  in  the  slopes  fiom  these  12 
studies  was  8.7  ± 1.07  percent  for  the 
blood  data  and  2(>.0  ± o.f)  percent  foi 
the  gas  data,  l liis  significant  differ- 
ence, P<  0.01,  is  explained  by  the  ex- 


( .(>  I'ldiliii  lion:  C.onifxiri'yoii  of  Blood  mid  (>ris  Doln 


inincU  sin. ill  i.iir  ol  iliaiim'  in 
( .( ) ( oiu  rnt 1 .1! ion  .iiul  ilu-  lad  that 
o\fi  |)fi(i-Ml  ol  llif  (!()  slays  in  llie 
snhji'il  .111(1  (Iocs  iiol  .ippcai  in  the 
( ii(  iil.iinii;  y.is  \olninc.  Anolhci  (on- 
tiiliiilnu;  I. Idol  IS  til. II  sin. ill  ( li.iligcs 
in  ^.ts  \olnni(‘  honi  s.iniplin^  oi  ironi 
Ic.iks  ( .ninoi  he  (icieded  in  the  COHh 
esiiin.it ion.  Inil  will  he  diiedlv  i elated 
to  the  (.lUnl.iled  ('.()  in  the  g.is  phase, 
.111(1  heiuf  will  ( liange  C!()  j)rodndion 
.IS  (.ik  III. lied  I tom  the  gas  data.  1 he 
icli,ihilit\  ol  gas  data  iiK  teases  lot  pa- 
tients with  ele\ated  ('.()  piodudion. 
In  the  seven  siihjeds  with  BR  I < 10  a 
CA’  ol  30.3  ± 7.8  was  ohserved,  while 
the  hve  suhjeds  with  BR  I > 10  had 
13.7  ± 2.9.  a value  much  closer  to  the 
(oelhcient  ol  variation  ohseived  Irom 
hlood  data. 

Effects  of  Constant  Diet 

.Most  (.'0-pioducti(»n  estimates  wete 
made  alter  the  suh)ecl  had  eaten 
hrealsi.isi,  hut  with  no  attempt  to  con- 


\'M 

trol  or  modih  the  diet.  It  is  known 
that  l.isiiiig  ( liloomei cl  .il.,  1971)  and 
sexere  (.ilotii  resiriilion  (l.undh  et 
.il..  1972;  lU'iisiiigei  ei  ,il.,  197.3)  in- 
( re.ise  seium  hiliruhin  ( oik  eni  i .it  ion 
,ind.  to  .1  sm.illei  eMeiil.  (3)  piodiu- 
lion.  .\  gioiip  ol  live  norm.il  \oliin- 
leers  w.is  used  to  ohsei  \e  the  \ai  i.ilion 
in  (X)  |)ro(lii(iion  when  a (onsi.int 
diet  was  used.  I he  diet  w.is  onl\  ( on- 
trolled  to  the  extent  ih.il  adequate 
calories  wete  piox  ided  <ind  the  suh)ed 
(onsumed  an  idenliial  menu  on  the 
da\  prior  to  and  on  the  da\  ol  ea(  h ol 
two  or  more  measuiemenis  ol  (X) 
prodiuiion.  Results  gi\en  in  1 able 
11-3  show  th.il  (onslancx  oi  a diet 
(onlaining  adeipiaie  (aloiies  is  not  a 
inajoi  lactoi  in  eliminating  \aiialions 
in  (X)  |)i oduction.  It  appeals  that  the 
ohseived  upper  and  lower  extremes 
ol  CX)  piodudion  in  normal  suhjeds, 
h-1  J ^tjio)es/kg  pet  da\,  max  eijuallx 
xvell  he  ohsei  ved  in  a gixen  indix  idual 
on  the  constant  diet  (PR)  oi  when  the 
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dirt  IN  less  < oil!  i<»ll<(l  (\  K).  I lir  iin- 
(ril.iiiil\  III  rsliiii.il  loii  <)l  llir 
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iir\ci  iiioir  ill. Ill  10  [)ri(riil  ;md  liiii 
iiol  r\|)liiiii  llir  I. mgr  ol  ( ) piodiu 
lion  olisri  \rd  in  ilirsr  two  iiulix  idiniK 
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Mils  suid\  (ontirins  ili.ii  nu-.isnir- 
inrnis  of  ( !( ) piodiulion  in.idr  in  llir 
g.is  pli.isi’  .Ilf.  on  .1  si.ilisiK.il  liiisis, 
InghU  sninl.ii  lo  l liosr  olil.iinrd  tiom 
llu-  hlood  ph.tsr,  I hr  ( '.( )-pro(lii(  I ion 
(i.il.i  lioin  llir  two  nu‘tho(ls  (oni'l.iU- 
IngliK  \Mili  r.K  h oiIut  0 = O.O.’i)  .ind 
hoili  ( ( )-|)i odnc lion  rsliin.iU’s  loiir- 
l.itr  liiglih  Kith  mr.isuirinrnis  ol 
hK  I . Although  ihr  two  CO  inrihocK 
.nr  st.iiisiK  .ilh  simil.n  , ihr  g.is-ph.ist' 
inrasnrrinrni  is  technicallv  much  more 
(lemaiuling  and  individual  sludic’s 
h\  this  lechnitiue  have  a higher  inhei' 
eni  statistical  uncertainly  especially 
,it  normal  rales  of  ('.()  production. 

Il  is  ol  inieresi  that  (X)  prodiulion 
exieedsBR  I h\  appioximateK  12- 1 IS 
[irKfiil  whet  her  measured  in  blood 
or  gas  ph.ise.  A small  part  of  this  dis- 
(tep.uu\  m.i\  result  Irom  the  I. Id  that 
HR  1 slighiK  undrieslimales  lot.il 
hiliiuhin  [irodiK  lion,  .is  pre\  iousl\ 


rrporird  (Hrrk  ri  al.,  107  1).  .Mihough 
it  is  vvidrh  .uieplrd  dial  hilii  uhin  .uid 
(X)  arr  ihr  produils  of  hrmr 
(at.iholism  in  (‘(|uimolar  amounis  .ind 
that  nriihrr  arises  Irom  other  soimes, 
more  reteni  studies  show  that  (X) 
m.i\  he  produced  hiologicalK  irom 
nonheme  sources  such  as  dih.iloge- 
naied  mcMhane  (Kuhic  el  al..  1074) 
and  poK  phenolic  conpiouiids  inc  hid- 
ing catecholamines  (.Mivah.ira  .ind 
lakahaski,  1071).  !■  uri  hermore, 

other  studies  ( Kngf  I el  al..  1072)  raise 
die-  possihilitN  that  a small  Iraclion  ol 
the  (X)  in  expired  .lii  ma\  .iiise  Irom 
hacterial  meiabolism  m the  gastroin- 
testinal trad.  Despite  these  potential 
sources  ol  "excess  (X).”  the  ratio  ot 
(!()  procludion: HR  1 ohservccl  in  our 
studies  suggests  that  in  m.in  the  ex- 
tent ol  extraneous  (X)  production  h\ 
such  processes  must  hr  sm.ill  oi  neg- 
ligible. 
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